atmosphere

A

Article

Pacific and Atlantic Multidecadal Variability Relations with the
Choco and Caribbean Low-Level Jets during the 1900-2015 Period

Wilmar L. Cerén 1'*

and Rodrigo A. E. Souza

check for

updates
Citation: Cerén, W.L.; Kayano, M.T.;
Andreoli, R.V.; Avila-Diaz, A.; de
Souza, I.P,; Souza, R.A.F. Pacific and
Atlantic Multidecadal Variability
Relations with the Choco and
Caribbean Low-Level Jets during the
1900-2015 Period. Atmosphere 2021,
12,1120. https://doi.org/
10.3390/atmos12091120

Academic Editors: Jie He, Antonio

Ricchi and Giovanni Liguori

Received: 6 July 2021
Accepted: 27 August 2021
Published: 31 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Mary T. Kayano 2
3,4

, Rita V. Andreoli 34, Alvaro Avila-Diaz >0, Itamara Parente de Souza *

1 Department of Geography, Faculty of Humanities, Universidad del Valle, Calle 13 # 100-00, P.O. Box 25360,

Cali 760032, Colombia

Coordenacao Geral de Ciéncias da Terra, Instituto Nacional de Pesquisas Espaciais, Avenida dos Astronautas,

1758, Sao José dos Campos 12227-010, Brazil; mary.kayano@inpe.br

Escola Superior de Tecnologia, Universidade do Estado do Amazonas, Av. Darcy Vargas, 1200,

Parque 10 de Novembro, Manaus 69065-020, Brazil; rasouza@uea.edu.br (R.V.A.);

rafsouza@uea.edu.br (R.A.ES.)

Programa de Pés-Graducdo em Clima e Ambiente, Instituto Nacional de Pesquisa da Amazodnia, Manaus

69065-020, Brazil; ips.parente@gmail.com

5 Natural Resources Institute, Universidade Federal de Itajuba, Itajuba 37500-903, Brazil;
alvaroaviladiaz@outlook.com

*  Correspondence: wilmar.ceron@correounivalle.edu.co; Tel.: +57-3117075622

Abstract: This study analyzes the variability of the Choco jet (CJ) and Caribbean low-level jet
(CLLJ) with consideration of the simultaneous Pacific interdecadal oscillation (PDO) and Atlantic
multidecadal oscillation (AMO) low-frequency mean states and their effects on the atmospheric
circulation and rainfall in northwestern South America and Central America for the 1900-2015 period,
during the seasons with the highest intensities of the CJ (September—-November (SON)) and the
CLLJ (June—-August). Variations in the sea surface temperature (SST) anomaly positioning in the
eastern Pacific, tropical North Atlantic (TNA)/Caribbean Sea during different mean states restrict the
anomalous circulation, and, consequently, the intensity of the CJ and CLL]J. During the warm AMO
(WAMO)/ cold PDO (CPDO), the SST gradient from the tropical Pacific into the TNA, accompanied
by a cyclonic circulation near the east coast of the Americas, intensifies the west—east circulation in
the region, strengthening the CJ and weakening the CLL] during SON such that rainfall increases
over Colombia, Central America and in adjacent oceans. During the cold AMO (CAMO)/warm
PDO (WPDO) phase, a relative east/west SST gradient occurs in TNA, consistent with a cyclonic
circulation in western TNA, establishing an anomalous southwest-northwestward circulation from
the eastern Pacific into the Caribbean basin, forming a well-configured CJ, increasing precipitation
over Central America and its adjacent oceans. For the CLL], during CAMO phases, the anticyclonic
circulations extended over most of the TNA favor its intensification from 30° W to the Caribbean Sea.
In contrast, during WAMO, the cyclonic circulation near the east coast of the United States restricts
its intensification to the Caribbean Sea region. To the best of our knowledge, the results presented
here are new and might be useful in atmospheric modeling and extreme event studies.

Keywords: northwestern South America; climate variability; Atlantic multidecadal oscillation; Pacific
decadal oscillation; twentieth century reanalysis

1. Introduction

It is well known that the rainfall in northwestern South America is strongly influenced
by the Pacific and Atlantic Intertropical Convergence Zones (ITCZ) [1-5] and by two low-
level regional jets (LL]Js), one in the far eastern Pacific and western Colombia (the Choco jet
(C))) and another formed by the easterlies in the Caribbean Sea (the Caribbean low-level
jet (CLL))) [6-9] (Figure 1). The (] is strong from September to November (SON) and
weak from March to May (MAM) [10-12], with speeds in its core sector (centered at 5° N
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along 80° W) of 5-7 m s™! during SON (Figure 1b) and less than 3 m s™! from December to
May [13]. The CLL] features a semiannual cycle with maxima during the boreal summer
(June to August (JJA); Figure 1c) and winter (December to February (DJF)), and minima
during the other two seasons, and it is centered in the Caribbean Sea at 15° N without
significant latitudinal migrations over the year [14-16]. After passing the Caribbean Sea,
the CLLJ splits into two branches: one that turns towards the Gulf of Mexico and the
United States, and the other that continues to the west across Central America towards the
eastern North Pacific. The first CLL] branch feeds the Great Plains LLJ, which transports
moisture towards the Central United States [17,18], whereas the second transports moisture
westward to Central America and the eastern Pacific [14,19].

Northwestern South America and Central America are climatologically interesting
regions due to their geographical features and locations (Figure 1a). Ocean masses sur-
round them within the tropical zone, where high energy availability drives fundamental
thermodynamic and dynamic processes to determine the regional climate characterized by
large amounts of precipitation [7,20,21]. Furthermore, the climate in these regions results
from a land-atmosphere system that is strongly influenced by the varied topographical
asymmetries imposed by the Andes Mountains (Figure 1a) and the regional LL]Js with typi-
cal seasonal variations (Figure 1b,c). Consequently, diverse local and regional atmospheric
circulation patterns interact with the ITCZ, the main system that modulates the annual
precipitation cycle through its meridional migration [3,22,23]. In this regard, the CJ is
forced to ascend to the western Andes in Colombia and interact with easterly trade winds,
causing deep convection over the west and center of the country [3,6]. However, the Central
American Andes block low-level airflow from the Caribbean Sea [23]. Nevertheless, the
pressure gradient between the Caribbean Sea and eastern Pacific strengthens the CLL] and
allows its extension to the eastern Pacific, resulting in three LL]Js, namely, the Tehuantepec
(Isthmus of Tehuantepec), Papagayo (over Lake Nicaragua), and Panama [9,23-25]. Among
these jets, the Tehuantepec and Papagayo jets merge with the northeast trade winds of the
Pacific (that is, the CJ), mainly during SON [23,24].

Duran-Quesada et al. [12] documented contrasting CLLJ and CJ moisture transport
patterns from the two main oceanic sources in the eastern tropical Pacific and the Caribbean
Sea. As the easterly flow increases in the tropical North Atlantic (TNA), the CLL] promotes
moisture transport from the Caribbean Sea into northwestern South America, while the
transport from the easternmost tropical Pacific is inhibited. In this case, moisture transport
from the Caribbean Sea reaches 10 mm day !, except during SON, where it decreases to
5 mm day~'. Conversely, moisture transport from the eastern Pacific into northwestern
South America reaches a maximum intensity between August and September, when
the CJ reaches its maximum strength and the easterly flow decreases (weak CLLJ). This
behavior highlights the relationship between the CLL] and CJ in regional moisture transport.
As a result, CLLJ and CJ] dynamics provide moisture for rainfall in Central America,
northwestern South America, the Caribbean Sea, and the eastern tropical Pacific [6,9,12,20].

Since these two LL]Js manifest mostly over oceanic water masses, their interannual
variations are explained mainly by the sea surface temperature (SST) variations in the
eastern tropical Pacific, TNA, and the Caribbean Sea [9,14,19,20,26,27], which induce
regional anomalous atmospheric circulation patterns. The intensified thermal contrast
between the El Nifio 1+2 region and the Pacific Colombian coast during La Nifia induces
an anomalous strengthened CJ [9,10], which increases moisture transport into central and
western Colombia [10,28] and settles anomalously wet conditions [3]. The opposite thermal,
circulation, and rainfall patterns occur in association with El Nifio events. On the other
hand, the relations of the CLL]J to the Pacific and Atlantic SST variations on an interannual
timescale are seasonally dependent, and the CLL] variations are modulated by the El
Nifio-Southern Oscillation (ENSO)-related Pacific SST variability during boreal winter, and
by the Pacific and Atlantic SST variability, during summer [14,29].
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Figure 1. (a) Study area location. Elevation data were obtained from Shuttle Radar Topography
Mission (SRTM), Available at http:/ /www?2 jpl.nasa.gov/srtm/ accessed on 26 August 2021; (b) SON
pattern of wind at 925 hPa (m s~ 1) and sea surface temperature (SST); and (c) JJA pattern of wind at
925 hPa (m s~ 1) and SST.

Arias et al. [20] found an inverse relation between the CJ and CLL]J intensities during
the 2009-2010 and 2010-2011 La Nifa events. In this context, Yepes et al. [9] observed
a stronger than normal CJ and a weaker than normal CLL] during a weak La Nifia in
October 2016. More recently, Ceron et al. [30] showed that these two LL]Js hold an inverse
relationship on a multidecadal timescale in terms of their intensities. They also showed that
the intensities of the LLJs during the 1983-1997 and 2001-2016 periods are modulated by
the multidecadal anomalous SST patterns in the tropical Pacific and Atlantic Oceans. The
mean SST anomaly states in these two oceanic sectors defined by the Pacific interdecadal os-
cillation (PDO) and the Atlantic multidecadal oscillation (AMO) show contrasting features
during these two periods. The first period (1983-1997) overlaps the low-frequency mean
state under the warm PDO (WPDO) phase and cold AMO (CAMO) phase. In contrast,
the second period overlaps the mean state under the cold PDO (CPDO) phase and the
warm AMO (WAMO) phase [31,32]. Thus, these two periods present opposite direction
low-frequency interbasin equatorial gradients between the Atlantic and eastern Pacific.
Barichivich et al. [33] found an intensification of Walker’s circulation during the late 1990s,
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associated with strong warming of the tropical Atlantic and cooling of the tropical Pacific.
Furthermore, Pattnayak et al. [34,35] analyzed the relationship of precipitation in northern
and northwestern South America with SST anomalies in the Atlantic after 2000. Therefore,
through these interbasin SST gradients, the PDO and AMO SST mean states modulated
the CJ and CLLJ variations during the last three decades [30]. Therefore, through these
interbasin SST gradients, the PDO and AMO SST mean states modulated the CJ and CLL]
variations during the last three decades [30].

However, two other distinct low-frequency SST mean states occur in the Pacific and
Atlantic Oceans: the CAMO/CPDO and WAMO/WPDO. Kayano et al. [31,32] presented
evidence that distinct low-frequency SST mean states lead to different ENSO-related climate
anomalies. Therefore, the question is whether the CJ and CLL] have distinct behaviors
under different low-frequency mean states, in addition to those previously documented
by [30]. To contribute to solving this research question, we analyzed the CJ and CLL]J
features and their effects on the rainfall patterns over Central America and northwestern
South America by considering the four possible low-frequency mean states defined by the
PDO and AMO using 116 years of data (1900-2015). This study extends the analysis of
Cero6n et al. [30], which used only 33 years of climate information (1983-2016).

2. Data and Methodology

The data used in this study consist of monthly gridded sea surface temperature (SST),
atmospheric circulation, and reanalyzed precipitation data. The National Oceanic and At-
mospheric Administration/Extended Reconstructed Sea Surface Temperature SST version
5 data were used [36,37]. The zonal and meridional winds at 925 hPa and precipitation
were derived from the NOAA-CIRES-DOE Twentieth Century Reanalysis Project version
3 (20CRv3; 2020) [38—40]; this dataset provides reliable long-term estimates for climate
variables [41,42]. The atmospheric circulation and precipitation data time series have a 1°
horizontal spatial resolution, and the SST time series have a 2° horizontal spatial resolution.
All data were selected for the 1900-2015 period.

The years with low-frequency mean states were determined using the PDO and AMO
indices established by Kayano et al. [32] over the 1865-2016 period. The PDO index is
defined as the principal component of the empirical orthogonal function of the detrended
monthly SST anomalies in the North Pacific Ocean (20°-70° N; 110° E-100° W) [43]. The
AMO index is defined as the detrended monthly SST anomalies averaged in the North
Atlantic Ocean (equator-70° N; 80°-0° W) [44]. In these calculations, the linear trend
(straight line fit with the minimum squares method) and the monthly SST anomalies were
obtained for the 1865-2016 base period. The PDO and AMO indices were smoothed with a
121-month running mean filter. The smoothed indices for the 1900-2015 period were used
to determine the years with low-frequency mean states. The thresholds beyond which the
PDO and AMO are considered in their cold or warm phases are 0.1 (without units) and
0.02 °C, respectively.

To determine the years with an intense CJ and CLLJ, corresponding indices for these
LLJs were obtained for the 19002015 period. The CJ index, defined as the 925 hPa zonal
wind anomalies averaged along 80° W and between 2° N and 7° N, was constructed as
in several previous studies [10,20,27,30]. Furthermore, the CLL] index was defined as the
925 hPa zonal wind anomalies averaged in the region of 12.5° N-17.5° N and 80° W-70°
W, as in Wang [14] and Arias et al. [20]. These indices were obtained, respectively, during
SON and JJA, which are the corresponding seasons of the greatest activities of the CJ and
CLLJ [6,9,14,25]. The percentile time series were constructed by ranging the CJ and CLL]
indices from 1 to 116 and dividing them by 116 (total years in the 1900-2015 period). For
both indices, the 75th percentile was the threshold for selecting the intense events, which
were stratified according to the low-frequency mean states. In addition, the Oceanic Nifio
Index (ONI) was calculated for the 1900-2015 period as the running 3-month mean SST
anomaly for the Nifio 3.4 region (i.e., 5° N, 5° S, and 120°-170° W). Events were defined as
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five consecutive overlapping 3-month periods at or above the +0.5° anomaly for warm (El
Nifio) events and at or below the —0.5° anomaly for cold (La Nifa) events.

For each low-frequency mean state, we constructed the seasonal SST anomaly pattern
for SON and JJA, which consists of the average of the monthly detrended standardized
SST anomalies considering all three months of the years within the mean state, calculated
in the area between 60° N-60° S and 120° E-0°. In these calculations, the linear trends,
means, and standard deviations of the variables refer to the 1900-2015 base period. For the
significance of the mean states, we considered the degrees of freedom as the number of
years, and the Student’s t-test for significance of the mean at the 95% confidence level was
used [45].

The intense CJ and CLLJ-related patterns of selected variables were obtained for the
19002015 period using the composite analysis, following Boschat et al. [46]. First, the linear
trends were removed from the variables, and then the detrended standardized monthly
anomaly time series were calculated for the 19002015 base period. The variables were
obtained in the following domains: 120°-0° and 40° N—40° S for the SST; 100° W-60° W
and 25° N-10° S for precipitation; and 120° W-10° W and 40° N-10° S for the 925 hPa
zonal and meridional winds. The statistical significance of the composites was tested with
the Student’s t-test for the significance of the mean. We considered the degrees of freedom
as the number of events, and significance tests were applied at the 95% confidence level.

3. Results
3.1. Low-Frequency Mean States

Using the same method as that in Kayano et al. [32], the PDO and AMO indices
that are updated for the 1900-2015 period give the CAMO phase during 1900-1929
and 1960-1996; the WAMO phase during 1931-1958 and 1998-2015; the CPDO during
1913-1923, 1946-1960, 1963-1976, and 2001-2015; and the WPDO phase during 1900-1911,
1925-1944, and 1977-1998 (Figure 2). Therefore, the low-frequency mean states are defined
as 1901-1911, 1925-1929, and 1977-1996 for the CAMO/WPDO; 1913-1923 and 1963-1976
for the CAMO/CPDO; 1931-1944 for the WAMO/WPDO; and 1946-1958 and 20012015
for the WAMO/CPDO. According to Kayano et al. [32], the 1925-1929 period for the
CAMO/WPDO mean state is disregarded because an AMO index close to zero during this
period means uncertainty in the AMO phase.

PDO and AMO Indices - 1900-2015
I CcPDO N WPDO

AMO

051

]
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Year

Figure 2. The AMO and PDO indices for the 1900-2015 period. The AMO index was multiplied by
three, and its unit is °C. The continuous ticker line is the AMO index, and the red and blue refer to
the PDO index.

Once the periods for the low-frequency mean states have been identified, their SON
and JJA SST anomaly patterns are constructed (Figure 3). Since the tropical features
of the CAMO/WPDO and CAMO/CPDO SST mean states were previously analyzed
in Kayano et al. [32], they are shown here for the sake of illustration and to facilitate
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the interpretation of the CJ and CLL] composites. Additionally, the tropical features
of the WAMO/CPDO SST mean state were analyzed in Kayano et al. [32]. However,
since this mean state has been updated here, the differences between the two analyses
are highlighted. Finally, the WAMO/WPDO SST mean state is analyzed in more detail.
Overall, the mean states do not show significant seasonal changes between JJA and SON.
During the CAMO/WPDO mean state (Figure 3a,e), negative SST anomalies are observed
in most of the North Atlantic (NATL), extending southward along the northern coast of
South America, the equatorial Atlantic, southeastward along the east coast of Brazil in the
tropical South Atlantic (TSA), and in the subtropics in the western Pacific. Opposite sign
anomalies are observed in most of the Atlantic south of 20° S, in the central and eastern
tropical Pacific, and in the southern subtropical and extratropical sectors of the Pacific
and Atlantic Oceans. Furthermore, the CAMO/WPDO features are consistent with the
SON SST anomaly pattern shown by Ceron et al. [30], which covers the 1983-1996 period
(featuring the CAMO/WPDO mean state).

CAMO/CPDO - SON
"'f' 3 ]
40N E >

. 4

608 e

120E 180W 120W  60W 0 120E 180W 120W  60W O

60 B — : =
[20E 180W 120W  60W 0 120E 180W 120W 60W 0

WAMO/CPDO -

5 y:
. ~ ‘

0S ' -
120E 180W 120W  60W 0 I120E 180W 120W

O/CPO - JIA

u-—
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Figure 3. September—November SST mean standardized anomaly pattern in the: (a) CAMO/WPDO;
(b) CAMO/CPDO; (c) WAMO/WPDQO; and (d) WAMO/CPDO mean states. June-August SST mean
standardized anomaly pattern in the: (e) CAMO/WPDO; (f) CAMO/CPDO; (g) WAMO/WPDO; and
(h) WAMO/CPDO mean states. Shades interval is every 0.2 SDs. The continuous line encompasses
significant SST anomalies at a 95% confidence level based on the Student’s t-test.
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The CAMO/CPDO mean state shows negative SST anomalies in most of the NATL and
a horseshoe-shaped area in the tropical Pacific and along the western coasts of the Americas,
and it is split by negative to positive weak anomalies in the eastern and central equatorial
Pacific (Figure 3b,f). Moreover, positive anomalies are observed in the southwestern and
subtropical northwestern Pacific; in this latter area they are significant only during JJA.
Positive SST anomalies are also observed to the south of Australia. This pattern is consistent
with the combined effects of the CAMO and the CPDO, according to Kayano et al. [32]. The
pattern with negative anomalies in the NATL and positive anomalies in the extratropical
South Atlantic is typical during the CAMO phase [44,47,48].

For the WAMO/WPDO mean state, the significant positive SST anomalies in the
NATL and negative anomalies in the subtropical South Atlantic reflect the WAMO pattern
(Figure 3c,g). Negative anomalies are observed in the northwestern and southwestern
subtropical Pacific to the south of Australia and the central extratropical South Pacific. The
positive SST anomalies in the tropical Pacific that are centered at 140° W-100° W and 20° S
and between the equator and 20° N are indicative of the WPDO-associated pattern.

The WAMO/CPDO mean state shows SST anomalies over most of the NATL; in the
southwestern Atlantic (20° S—40° S) and throughout most of the western tropical Pacific
in a boomerang-shaped area, which extends over the Australasian region; and in the
northern and southern subtropical Pacific (Figure 3d,h), which are possibly due to the
WAMO effect [32]. Conversely, weak negative SST anomalies are found in the eastern
tropical Pacific, near the South American coast, between the equator and 20° S, and in the
southeastern Pacific.

3.2. CJ-Related Oceanic and Atmospheric Patterns during SON under Distinct Low-Frequency
Mean States

Table 1 lists the years with intense CJ events detected during the 1900-2015 period.
Seven of them occur during the CAMO/WPDO, seven during the CAMO/CPDO, three
during the WAMO/WPDO, and nine during the WAMO/CPDO.

Table 1. Intense years of the Choco jet (C]) during indicated mean states. According to the criteria of
the Oceanic Nifio Index (ONI) years in bold are La Nifia events, italic years are El Nifio events, and
the remaining years are neutral conditions.

Mean State Intense CJ Years
CAMO/WPDO 1903, 1906, 1908, 1909, 1910, 1988, 1995
CAMO/CPDO 1963, 1964, 1966, 1970, 1973, 1974, 1975
WAMO/WPDO 1941, 1942, 1944
WAMO/CPDO 1948, 1949, 1950, 1955, 1956, 2003, 2005, 2007, 2010

The low-frequency mean states cause substantial differences in the CJ-related seasonal
SST anomaly patterns in the tropical Pacific and Atlantic Oceans during SON (Figure 4).
During the CAMO/WPDO (Figure 4a), negative SST anomalies prevail in the tropical Pa-
cific over 180° W-90° W and in the tropical Atlantic sector (part of the TSA, Gulf of Mexico,
and eastern coast of United States), approximately in the areas with negative anomalies in
the tropical Atlantic corresponding mean state (Figure 3a) and weak cold conditions over
the Caribbean Sea. During the CAMO/CPDO (Figure 4b), negative SST anomalies occur in
the eastern tropical Pacific but are meridionally more extensive than those of the previous
case. These results are consistent with Kayano et al. [31], who found that the southern
winter negative SST anomalies in the eastern tropical Pacific associated with the La Nifa
during the CAMO/WPDO are meridionally more confined than those associated with La
Nifia during the CAMO/CPDO. However, there are considerable changes in the NATL,
where neutral conditions prevail except for the negative SST anomalies centered at 20° N
close to the western African coast between 60° W and 10° W.

During the WAMO/WPDO mean state, the SST anomaly pattern features anoma-
lous warming over the Gulf of Mexico, Caribbean Sea, TNA between the equator and
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20° N, and nonsignificant cold conditions in the tropical Pacific (Figure 4c). During the
WAMO/CPDO phase (Figure 4d), the positive SST anomalies over the Caribbean Sea and
TNA are weakened, and neutral conditions are observed in the Gulf of Mexico. In this
case, the tropical Pacific Ocean displays anomalous cooling in its eastern sector between
20° N-20° S and anomalous warming over the subtropics to the west of 120° W. This
anomalous warming overlaps the western Pacific regions with positive SST anomalies
observed for the respective SST mean state during SON (Figure 4d).

¢) WAMO/WPDO - SON: SST
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Figure 4. September-November SST standardized anomalies during intense CJ events of the: (a) CAMO/WPDO;
(b) CAMO/CPDO; (¢) WAMO/WPDO, and (d) WAMO/CPDO mean states. Shades interval is every 0.2 SDs. The
continuous line encompasses significant SST anomalies at a 95% confidence level based on the Student’s t-test.

The SST anomaly patterns associated with the intense CJ show a common feature
among the mean states, such as an anomalous cooling in the eastern tropical Pacific Ocean,
whose intensity varies with the mean state. On the other hand, the SST anomaly patterns in
the tropical Atlantic show distinct features. In addition, the CJ establishment is related to
this cooling in the eastern tropical Pacific [9,20,30] as well as to the anomalous SST gradient
between the eastern Pacific and western TNA and Caribbean Sea [27]. Figure 4 shows
varying positions of the coldest or warmest SST cores in the TNA and the Caribbean Sea;
as a consequence, the anomalous 925 hPa winds over northern South America and Central
America during SON associated with the intense CJ show important variations during
the mean states mentioned above (Figure 5). During the CAMO/WPDO (Figure 5a), a
weak anticyclone occurs near the African coast due to this region’s small negative SST
anomalies. However, the largest negative SST anomalies occur along the eastern coast of
the United States and along the northern coast of South America. This relative east/west
SST gradient in the TNA is consistent with a cyclonic circulation in the western TNA,
which establishes an anomalous southwest-northeastward circulation from the eastern
Pacific towards the Caribbean basin, forming a well-configured CJ from the Ecuadorian
coast towards northwestern Colombia. Moreover, anomalous circulation is observed from
the Gulf of Mexico towards the Caribbean Sea. It establishes an increase in precipitation
over Central America and its adjacent oceans, centered over 95° W-75° W and 7° N-25° N,
and northwestern Colombia (Figure 6a). Nevertheless, negative rainfall anomalies occur
over the eastern Pacific, centered at 5° N, Central Mexico, northeastern parts of Colombia,
eastern Ecuador, and northern Peru.

During the CAMO/CPDO (Figure 5b), the anomalous cooling in most central and
eastern TNA promotes establishing an anticyclonic circulation in the TNA between 70° W
and 30° W. Meanwhile, near-normal SST conditions in the Caribbean Basin and the Gulf of
Mexico inhibit the westward circulation and the formation of the CJ in the eastern Pacific.
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The weak SST anomaly gradient between the eastern Pacific and the Caribbean Sea induces
a weak anomalous circulation pattern from the eastern Pacific to the continent and the
Caribbean Sea, highlighting only a nonsignificant northwest-southeast circulation along the
west coast of Central America towards the western coast of Colombia and Panama. There-
fore, the thermal conditions in the eastern Pacific and TNA induce competing anomalous
circulation patterns in both oceanic areas. Consistent with these local circulation anomalies,
negative precipitation anomalies are observed over the eastern Pacific Ocean west of 80° W
and between the equator and 10° N in the Peruvian Pacific and positive anomalies over the
northwestern and Caribbean coasts Colombia and Panama (Figure 6b).

(a) CAMO/WPDO - SON (c) WAMO/WPDO - SON
40N 7 vind 40N
3 30N 1.5
20N|53 1.2
10N |gz:* 0.9
EQ (i {06
108 103
10
40N | 03
30N} 0.6
20N|::
LON -0.9
EQ ~1.2
10S ~1.5
120W  90W  60W  30W 120W  90W  60W  30W

Figure 5. September—-November standardized wind anomalies at 925hPa during intense CJ events of the: (a) CAMO/WPDO;
(b) CAMO/CPDO; (¢) WAMO/WPDO; and (d) WAMO/CPDO mean states. Shades interval is every 0.3 SDs. Shaded areas
indicate significant zonal wind anomalies at a 95% confidence level based on the Student’s t-test. Vectors are in bold only in
regions where are significant at 95% based on the Student test. The arrow at the bottom of each panel illustrates the base
magnitude of the wind vector in o.

During the WAMO/WPDO (Figure 5c), as normal SST conditions prevail in the North
Atlantic between 20° N and 40° N and an anomalous warming in the adjacent regions
(TNA and the Caribbean Sea), a cyclonic circulation is configured in the North Atlantic
centered between 70° W and 30° W; at the same time, weak cooling prevails in the eastern
tropical Pacific. Thus, a weak thermal contrast between the eastern Pacific and the Atlantic
and cyclonic circulation in the North Atlantic weaken the CLL] and do not cause an
important strengthening of the zonal winds in the CJ region. Under these conditions,
significant positive precipitation anomalies are found over Panama and their adjacent
oceans, southern Colombia, and western Ecuador (Figure 6¢). On the other hand, during
the WAMO/CPDO (Figure 5d), the anomalous warming of the Caribbean Sea and Gulf of
Mexico basins is weaker than during the WAMO/WPDO, but the cooling in the eastern
tropical Pacific is stronger, and neutral SST anomalies prevail in the TNA approximately
between 20° N and 40° N. These SST anomalies favor a cyclonic circulation near the eastern
coast of the Americas and up to 60° W, which promotes the weakening of the CLL]J, the
strengthening of westerly winds from the eastern Pacific towards the Caribbean Sea, and
the strengthening of Pacific winds towards western Colombia. As a result of this circulation,
negative precipitation anomalies are observed over most of the eastern Pacific 10° 5-10°
N band between 100° W and the South American coast; moreover, positive anomalies
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are observed over most of Central America and the Caribbean and Andean regions of
Colombia and Venezuela (Figure 6d).
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Figure 6. September-November precipitation standardized anomalies over Central America and northwestern South
America during intense CJ events of the: (a) CAMO/WPDO; (b) CAMO/CPDO; (¢) WAMO/WPDO; and (d) WAMO/CPDO
mean states. Shades interval is every 0.2 SDs. The continuous line encompasses significant precipitation anomalies at a 95%
confidence level based on the Student’s t-test.

3.3. CLLJ-Related Oceanic and Atmospheric Patterns during J[JA under Distinct Low-Frequency
Mean States

Out of 26 intense CLL] events detected during the 1900-2015 period, nine of them occur
during the CAMO/WPDO, eight during the CAMO/CPDO, four during the WAMO/WPDO,
and five during the WAMO/CPDO (Table 2). The intense CLL]J event of 1925 was disre-
garded for the CAMO/WPDO mean state because the AMO index that was close to zero
during the 1925-1929 period implies uncertainty in the AMO phase.
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Table 2. Intense years of the Caribbean low-level jet (CLL]) during indicated mean states. According
to the criteria of the Oceanic Nifio Index (ONI) years in bold are La Nifia events, italic years are El

Nifio events, and the remaining years are neutral conditions.

Mean State Intense CLL]J Years
CAMO/WPDO 1907, 1908, 1910, 1911, (1925), 1977, 1982, 1986, 1994
CAMO/CPDO 1913, 1914, 1922, 1923, 1965, 1972, 1974, 1976
WAMO/WPDO 1930, 1939, 1940, 1941
WAMO/CPDO 1946, 2001, 2002, 2014, 2015

The low-frequency mean states during JJA (Figure 3e-h) lead to substantial vari-
ations in the anomalous SST patterns related to intense CLL]J events (Figure 7). SST
anomaly patterns in the tropical Pacific and Atlantic Oceans show differences among
mean states. During the CAMO/WPDO and CAMO/CPDO mean states (Figure 7a,b),
strong CLLJ events show negative SST anomalies in most of the TNA (equator-20° N) and
Caribbean Sea. These anomalies present larger magnitudes and more spread during the
CAMO/CPDO when the anomalies extend to 40° N and cover the Gulf of Mexico and in
the tropical areas where the negative SST anomalies prevail in the corresponding mean
state (Figure 3f). Moreover, weak warming prevails in the central tropical Pacific, which
is surrounded by negative anomalies to the east and west during the CAMO/WPDO;
positive anomalies are confined to the eastern equatorial Pacific during the CAMO/CPDO
(Figure 7b), where small negative to positive weak anomalies occur in the mean state,
as observed in Figure 3f. The negative SST anomalies surrounding the equatorial Pacific
positive anomalies (Figure 3f) contribute to the more limited El Nifio-related positive SST
anomalies during the CAMO/CPDO mean state (Figure 7b).

(c) WAMO/WPDO - JJA: SST
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Figure 7. June-August SST standardized anomalies during intense CLL] events of the: (a) CAMO/WPDO;
(b) CAMO/CPDO; (¢) WAMO/WPDO; and (d) WAMO/CPDO mean states. Display is same as Figure 4.

During the WAMO/WPDO mean state (Figure 7c), neutral SST conditions remain
in most of the tropical Atlantic, except for positive anomalies in two areas: one in the
southwestern Atlantic along the southeastern coast of South America and another in the
eastern TNA within 40° N-25° N. Positive anomalies are observed in the eastern Pacific
within approximately 20° N-20° S (with the highest anomalies centered at 120° W) and
negative anomalies are observed in the western tropical Pacific south of 20° N.

During the WAMO/CPDO, except for a small area along the western coast of Mexico
and an area south of 20° S centered at 135° W, neutral SST anomalies in most areas of the
eastern tropical Pacific to the east of 150° W are surrounded by positive anomalies in the
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tropical and subtropical western Pacific (Figure 7d), which overlap the areas with positive
SST anomalies in the corresponding mean state (Figure 3h). Additionally, positive SST
anomalies occur in the northwestern TNA, Gulf of Mexico, and TSA along the eastern
coast of tropical South America. On the other hand, negative anomalies prevail in a small
area between 60° W and 40° W along the northern coast of South America. Furthermore,
normal conditions prevail in the Caribbean Sea.

Consistent with the above-described SST anomaly patterns for intense CLLJ events
during JJA under distinct low-frequency mean states, the associated anomalous 925 hPa
wind patterns show differences that reflect distinct CLL]J effects in rainfall in Central
America and northwestern South America (Figures 8 and 9). During the CAMO/WPDO
and CAMO/CPDO (Figure 8a,b), the negative SST anomalies over most of the TNA,
more widespread during CAMO/CPDO, result in an anticyclone over most of the North
Atlantic, extending into the Caribbean region; however, the more significant anomalous
warming of the eastern Pacific during CAMO/CPDO (Figure 7a,b), strengthens the thermal
contrast between these two basins and the east-west circulation between the Caribbean
and the eastern Pacific. Consequently, the CLL] intensifies in the Caribbean region, and
the trade winds split into two branches: one flowing into the Pacific basin through Central
America and the other flowing into the North Atlantic near the eastern coast of the United
States (Figure 8b). Moreover, anomalous warming in the eastern equatorial Pacific inhibits
CJ development, and consequently, winds blow from the continent to the ocean in the
Colombian Pacific region.

As a result, negative precipitation anomalies are observed in most of the Caribbean Sea
east of 80° W, and dry conditions remain in Venezuela and in central, northern, and eastern
Colombia during CAMO/WPDO (Figure 9a). Moreover, positive anomalies are observed
over eastern Honduras and Nicaragua, Belize, northern Guatemala, the Yucatan Peninsula,
and the Gulf of Mexico (Figure 9a). On the other hand, although during CAMO/CPDO
(Figure 9b) the same conditions are maintained for Colombia, Venezuela, and the Caribbean
Sea, in Central America, negative anomalies occur over the west coast and the surrounding
Pacific Ocean (15° N-7° N); and positive anomalies occur over the eastern Pacific within
5° N-7° S.
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Figure 8. June—-August standardized wind anomalies at 925hPa during intense CLL] events of the: (a) CAMO/WPDO;
(b) CAMO/CPDO; (¢) WAMO/WPDO; and (d) WAMO/CPDO mean states. Shades interval is every 0.3 SDs. Display is

same as Figure 5.
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During the WAMO/WPDO and WAMO/CPDO, positive SST anomalies in the eastern
Pacific and western North Atlantic play a major role in the strengthening and extension of
the CLL]J (Figure 7c,d). In this respect, the warming in the western North Atlantic leads to
a cyclonic circulation near the east coast of the United States and between 20° N and 40° N,
restricting the strongest easterlies from the Caribbean Sea into the Pacific, different from the
previous cases, in which the anticyclone extended over TNA (Figure 7a,b). Furthermore,
the anomalous warming of the eastern Pacific, more pronounced during WAMO/WPDO,
allows the strengthening of easterly winds towards the eastern Pacific, which translates
into a strengthening of the CLL]J. Thus, easterlies flow from the Caribbean to the eastern
Pacific, with the greatest intensity of the wind anomalies centered between 12° N and 5° N.
Consequently, during WAMO/WPDO, negative precipitation anomalies are more intense
and extensive over most Central America, such as the Gulf of Mexico and most of the
Caribbean Sea, except for a region with positive precipitation anomalies in the southwestern
corner near Panama and Costa Rica (Figure 9c). Furthermore, the strengthening of the
eastern CLL] weakens the western CJ, resulting in negative precipitation anomalies in
northern and central Colombia and northern Peru. Positive rainfall anomalies can also be
observed in the eastern Pacific, centered at 5° N, and on the Ecuadorian and Peruvian coasts.
Although similar results are observed during the WAMO/CPDO, negative precipitation
anomalies are more pronounced over the Colombian Pacific than in the previous case
(Figure 9d). Moreover, positive rainfall anomalies occur over eastern Peru.
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Figure 9. June-August precipitation standardized anomalies over Central America and northwestern South America during
intense CLL]J events of the: (a) CAMO/WPDO; (b) CAMO/CPDO; (c) WAMO/WPDO; and (d) WAMO/CPDO mean states.

Display is same as Figure 6.
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4. Discussion

Poveda and Mesa [10], Yepes et al. [9], and Sierra et al. [49] showed that the SST/SLP
gradient between the eastern Pacific Ocean and northwestern South American landmass
partially explains the existence of the CJ. Thus, stronger (weaker) SST/SLP differences are
related to a stronger (weaker) intensity and a northward (southward) location of the CJ.
Furthermore, several studies have associated the enhanced CJ with the La Nifia event [9,20]
and the intensified CLL] with El Nifio [14,21]. These findings imply that the anomalously
cold eastern tropical Pacific is necessary for CJ intensification and the anomalously warm
eastern Pacific for CLL] intensification. Furthermore, previous studies have shown relations
between ENSO variability and the combined PDO and AMO mean states [31,32]. The
abovementioned outcomes imply that CJ and CLL] variability depends on the combined
PDO and AMO mean states. In addition, Cerdn et al. [27,30] highlighted the important role
of the low-frequency mean states on the modulation of the CJ and CLL] intensities, such
that the CJ weakens and the CLL] intensifies during the CAMO/WPDO and vice versa
during the WAMO/CPDO. The results in this study show that the anomalous SST gradient
between the eastern tropical Pacific and the TNA and Caribbean Sea further explains the
CJ and CLL] variability among the four mean states. When this gradient is directed from
the eastern tropical Pacific into the TNA and the Caribbean Sea, the CJ is strengthened,
and when it is in the opposite direction, the CLL] is strengthened. Therefore, our results
complement the mechanisms previously discussed since they describe the dynamics on a
larger scale, including the CLL]J and the multidecadal oscillations.

The WAMO/CPDO mean state has favorable conditions in the eastern tropical Pacific
and the TNA and the Caribbean Sea to establish the SST gradient that intensifies the CJ.
Thus, in this mean state, of nine selected intense CJ events, five coincide with La Nifia years
and four, with ENSO-neutral years (Table 1). Thus, under a favorable mean state, even in
ENSO-neutral years, an intense CJ might occur. For the CJ] composite during SON of the
WAMO/CPDO, the well-established SST gradient (Figure 4d), accompanied by a cyclonic
circulation near the east coast of the Americas, the Gulf of Mexico, and the Caribbean
Sea (Figure 5d), weakens the CLL] and strengthens the CJ in the Colombian region; As a
result, there is an increase in rainfall over the Andes and the Colombian Caribbean, most
of Central America south of Honduras and its adjacent oceans (Figure 6d).

On the other hand, the CAMO/WPDO mean state favors an anomalous SST gradi-
ent from the TNA /Caribbean Sea into the tropical Pacific, which is not favorable for CJ
intensification. Nevertheless, our results show that all CJ events selected for this mean
state overlap with La Nifa events (Table 1), overcoming the mean state and promoting
intense CJ development. Thus, in this mean state, the presence of a La Nifia is a necessary
condition for CJ intensification. For the CJ composite during SON of the CAMO/WPDO,
the SST gradient related to cold conditions in the eastern Pacific and tropical Atlantic,
except for the Caribbean, where weak cooling is observed (Figure 4a), thus, the develop-
ment of an anticyclonic circulation in the western Atlantic, allows the establishment of a
southwest-northeast circulation from the eastern Pacific to the Caribbean Sea, resulting in
CJ intensification (Figure 5a) and increasing rainfall over most of Central America and the
adjacent oceans (Figure 6a).

The CAMO/CPDO mean state diminishes the favorable conditions for the estab-
lishment of an SST gradient from the eastern Pacific to the Caribbean Sea, owing to the
prevalence of anomalous cold conditions in both oceanic regions. In this case, five intense
CJ events coincide with La Nifia, another with El Nifio and one with an ENSO-neutral year
(Table 1). Thus, under unfavorable mean state conditions, intense CJ events occur mainly
during La Nifia years, even though they can also occur in ENSO-neutral or El Nifio years.
However, despite a well-established negative SST La Nifia pattern, the anomalous cooling
in most of the central and eastern North Atlantic promotes an anticyclonic circulation
between 70° W and 30° W, while near-normal conditions prevail in the Caribbean Sea,
inhibiting the thermal contrast between the eastern Pacific and the Caribbean Sea. As a
result, the eastern Pacific circulation towards the Caribbean is reduced and, so that intense
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CJ events do not establish (Figure 5b). In this case, an increase in rainfall is confined in
western and northern Colombia and Panama (Figure 6b).

The above results agree with Cerén et al. [27], who found an increase in Colombian
and Central American rainfall due to an interbasin SST gradient between the eastern
tropical Pacific and the Caribbean Sea during the WAMO, which is consistent with the
WAMO/CPDO results. In this regard, anomalous warming in the North Atlantic and
the Caribbean Sea and anomalous cooling in the tropical Pacific enhance the west-east
circulation at 925 hPa, strengthening the CJ and weakening the CLLJ. Moreover, a weaker
gradient is observed during the CAMO/CPDO, which coincides with the Ceron et al. [27]
results during the cooling of the tropical Pacific and the CAMO phase.

Moreover, one of the most important aspects of the CLL]J variability is associated
with the SST gradient between the eastern tropical Pacific and TNA (Figure 7); however,
contrary to the SST patterns associated with the CJ (Figure 4), a reversed SST gradient is
observed. Thus, positive SST anomalies are observed in the eastern tropical Pacific during
the CAMO/CPDO, WAMO/WPDO, and WAMO/CPDO mean states, and negative anoma-
lies in the TNA, during the CAMO/WPDO and CAMO/CPDO (Figure 7a,b) or lower
than those in the Pacific, during the WAMO/WPDO and WAMO/CPDO (Figure 7c,d).
Regarding the role of TNA in the intensity of the CLL], we found that the position of
the cooling or warming in the North Atlantic plays an important role in restricting the
circulation. During CAMO phases, extended anticyclonic circulations over most of TNA
favor the intensification of the CLLJ, resulting in strengthened easterly winds from 30° W to
the Caribbean Sea during CAMO/WPDO and CAMO/CPDO (Figure 8a,b). However, only
during the latter mean state, the CLL] continues to cross the Central American isthmus as a
result of the warming of the eastern Pacific, which strengthens the thermal contrast between
the basins; this generally reduces precipitation in Central America and in western, central
and northern Colombia (Figure 9a,b). On the other hand, during the WAMO/WPDO and
WAMO/CPDO events, the warming of the western North Atlantic generates a cyclonic
circulation near the eastern coast of the United States, restricting the strongest easterlies to
the Caribbean Sea (Figure 7a,b); however, the warming of the eastern Pacific allows the
strengthening of easterly winds towards this region, which translates into a strengthening
of the CLL]J.

This result is consistent with Wang’s [14] findings concerning the relationships be-
tween the CLL] and the SST anomalies in the Caribbean Sea, which are linked to the
variation in the North Atlantic subtropical high. Associated with cooling in the Caribbean
Sea, the atmosphere shows high pressures near the Caribbean region, which is consistent
with an anomalously strong easterly CLL]. However, this study shows that the TNA cool-
ing by itself is not enough to intensify the CLLJ and allows its advance in Central America
and towards the eastern tropical Pacific.

5. Conclusions

This study analyzes the variability of the CJ and CLLJ with consideration of the
simultaneous Pacific, and Atlantic SST low-frequency mean states and their effects on the
atmospheric circulation and rainfall in northwestern South America and Central America
for the 1900-2015 period. Oceanic and atmospheric features related to the LL]Js are obtained
using composites of intense CJ] and CLL]J events during the corresponding seasons when
they have the highest intensity, which are SON and JJA, respectively.

Our results suggest that part of the variability of the CJ] and CLL] might be due to
differences in the combined low-frequency mean states between the AMO and PDO and the
contrasts generated in the interbasin gradient between the eastern tropical Pacific and the
TNA /Caribbean Sea. Thus, the interannual variability interacts with the low frequency, so
that the cooling or warming more concentrated in the eastern Pacific and/or TNA and the
Caribbean Sea restricts or strengthens the circulation associated with the CJ and the CLLJ.

Oher important findings of this study are:
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e  Variations in the SST anomaly positioning in the eastern Pacific, tropical North Atlantic
(TNA)/Caribbean Sea during different mean states restrict the circulation, and the
intensity of the CJ and CLLJ.

e  The (] intensification during WAMO/CPDO is associated with cyclonic circulation
in the Caribbean region and the Gulf of Mexico, due to anomalous warming in the
TNA and Caribbean Sea regions, and the thermal contrast between the eastern Pacific
(cold) and TNA (warm). This pattern is less intense during WAMO/WPDO due to a
weak thermal contrast between these oceanic regions, and the positioning of cyclonic
circulation in the central TNA region.

e  For the CLLJ, during CAMO phases (cold TNA), the anticyclonic circulations extended
over most of the TNA favor its intensification from 30° W to the Caribbean Sea. In
contrast, during WAMO (warm TNA/ Caribbean Sea), the cyclonic circulation near the
east coast of the United States restricts its intensification to the Caribbean Sea region.

The present analysis features the differences in SST anomaly patterns and large-scale
circulation associated with the low-frequency mean states and the LL] higher intensity
seasons. To the best of our knowledge, these relationships have not been examined previ-
ously. Thus, they could be used for future diagnostic studies and atmospheric modeling
of extreme climate events associated with extreme CJ and CLLJ events under different
AMO and PDO settlings simultaneously. However, considering that our study implies
that AMO/PDO interactions may be useful for diagnostic and modeling studies, it is
important to note that, according to Mann et al. [50], AMO/PDO modes of variability may
not co-occur in the future due to global warming.
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